Abstract-In recent years, heat transfer enhancement techniques have become one of the main thermal research fields. Helically coiled configuration is more preferable due to their large heat transfer area in a small space, higher heat transfer coefficients and longer operating life. In this research article, theoretical analysis has been conducted to investigate the heat transfer characteristics of single phase laminar flow in a helically coiled tube of small diameter. This work deals with analysis of the coiled tube with different correlations developed for specific conditions by previous researchers. The present analysis follows similar trend for heat transfer coefficient as reported by previous authors. Water is more feasible than nitrobenzene because of its higher heat transfer coefficient.
I. INTRODUCTION
Helically coiled heat exchangers have important applications such as heat recovery systems, power generations, refrigeration, chemical reactors, nuclear reactors etc. The helically coiled tube exchangers have distinct advantages such as condensing, boiling, preheating, cooling, heat recovery and basic heat exchange. Because of its compact structure and high heat transfer coefficient, numerous studies have been conducted to investigate the heat transfer and flow characteristics inside coiled tubes. In several literatures it has been found that heat transfer rates in helical coils are higher as compared to those in straight tubes. This phenomenon is more beneficial especially in laminar flow regime. coefficient based on nucleate boiling suppression and convective boiling enhancement factors was also developed [3] . Pressure drop of single phase fluid for laminar flow regime inside a vertical helically coiled tube with a curvature ratio of 0.012 experimentally studied. Experimental results showed good agreement with numerical values [4] . Pressure drop characteristics of nanofluid flow inside vertical helically coiled tubes of 15.6 mm internal diameter for isothermal boundary conditions in the laminar flow regime experimentally investigated [5] . It was found that increasing coil to tube diameter ratio pressure drop decreased. Simultaneous utilization of helical coils and nanofluids had a high capability to increase the pressure drop.
Thermodynamic analyses and heat transfer study in a helically coiled heat exchanger of 9 mm inner diameter using different types of nanofluids were investigated. The increment of particle volume fraction and volume flow rate of nanofluids enhanced heat transfer coefficient [6] . Heat transfer and friction factor characteristics of CuO-water nanofluid in the fully developed laminar region with constant heat flux in plain and dimpled tube of 4.85 mm diameter investigated experimentally [7] . The mechanism of heat transfer enhancement obtained with nanofluids was due to particle migration from the core of fluid flow to tube wall.
A comparative study of the heat transfer rates between a straight tube heat exchanger and a helically coiled heat exchanger was experimentally performed. Helical coiled heat exchangers had higher heat transfer coefficients compared to that of similar dimension straight tube heat exchanger [8] .
Steady state natural convection of air through horizontally coiled tubes was experimentally investigated. The experiments were conducted for different coil geometries in the range of heat flux 500 -5000 W/m 2 . A decrease of the heat transfer coefficient was reported in the laminar regime [9] . Convective heat transfer in helical coils for laminar flow was studied and correlations of friction factor and Nusselt number (Nu) were suggested for both constant wall temperature and constant wall heat flux [10] . Laminar forced convection and entropy generation in a helical coil with curvature ratio of 0.1104 in the range of Re 1000-7500 for constant wall heat flux numerically investigated. The relationship between entropy generation and heat flux was dependent on Reynolds number [11] .
Performance analysis of helically coiled heat exchangers with circular minichannels of 1 mm inner diameter was also studied [12] . Numerical simulation was performed calculating heat transfer rate and pressure drop for performance analysis of helically coiled exchangers. The heat transfer rate and pressure drop in low mass velocity from simulation showed good agreement with experimental results
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Flow through curved pipe was first mathematically researched [1] , [2] . The steady motion of incompressible fluid flowing through fully developed laminar flow in a toroidal pipe was considered in the analysis and reported that flow due to curvature depends on dimensionless number termed as Dean number, defined as the ratio of centrifugal force to inertial force. Effects of tube and coil diameters on flow boiling heat transfer coefficients inside a helically coiled tube (the tube diameters ranges from 1.1 to 2.8 mm) experimentally investigated. It was observed that decreasing the tube diameter and the coil diameter improves the heat transfer coefficient with up to 63% and 150% enhancement respectively. A new correlation for the boiling heat transfer with accuracy of 15%.
The three-dimensional parabolic flows were applied to predict the velocity and temperature fields in numerical study of helically coiled pipes for laminar flow. Good agreements of results were obtained in comparison with the experimental data [13] .
A computational fluid dynamics (CFD) analysis was considered to investigate the effects of thermally dependent viscosity and non-Newtonian flows on heat transfer and pressure drop for laminar flow in a double-pipe helical heat exchanger. Thermally dependent viscosities had very less effect on the Nusselt number and significant effects on the pressure drop for Newtonian fluids [14] .
Fluid flow and heat transfer through a curved tube was reviewed [15] - [18] . The latest review of flow and heat transfer characteristics is also provided [19] . It has been found that only a few studies have been done on small sized helical tubes. In the present study, theoretical study has been carried out to study single phase heat transfer through a vertical helically coiled tube of 0.72 mm inner diameter for laminar flow. Geometrical parameters are same as presented in [4] . 
II. GEOMETRIC CONFIGURATIONS

III. THEORETICAL ANALYSIS
Limited correlations of Nusselt number are available for small sized coiled tube for laminar flow. Following correlations at specified conditions are applicable for present analysis.
Mori and Nakayama [20] for De<2000 In this study both correlations Mori and Nakayama [20] and Dravid et al. [21] are applicable for calculation of Nusselt number for water. But in the case of nitrobenzene only Mori and Nakayama [20] is suitable because of its Dean number.
Heat transfer coefficient (h) can be calculate as Effect of Dean number on heat transfer coefficient for both working fluids is predicted in Fig. 2 . It is clear from figure that heat transfer coefficient significantly increases with Dean number. In laminar regime due to the curvature of the tubes centrifugal force is generated. This centrifugal force developed secondary flow. Due to effect of secondary flow there is higher heat transfer coefficient. The heat transfer enhancement is more in vertical position than in horizontal due to rapid developments of secondary flow. The present analysis also follows similar trend for heat transfer coefficient as reported by previous authors.
Heat transfer coefficient from Dravid et al. correlation is greater than that of Mori and Nakayama's correlation in case of water. The difference between heat transfer coefficient obtained from above correlations is about 13.6 %. Heat transfer coefficient of water is 80 % greater than nitrobenzene.
Maximum heat transfer coefficient for nitrobenzene is 1946 Wm -2 K -1 at De=103 which is lesser than heat transfer coefficient of water 5043 Wm -2 K -1 at De=60. Nitrobenzene is more viscous than water but its thermal properties are lower than water, which is responsible for lower heat transfer coefficient. From thermal point of view water is more feasible than nitrobenzene because its offer better heat transfer coefficient than nitrobenzene. 
V. CONCLUSIONS
In the present study, the single phase heat transfer coefficient in a helically coiled tube of small diameter for laminar flow analyzed theoretically. The following conclusions are drawn from this study:
 Heat transfer coefficient increases with Dean number.  The present analysis follows similar trend for heat transfer coefficient as reported by previous authors.  Heat transfer coefficient from Dravid et al. correlation is 13.6 % greater than that of Mori and Nakayama's correlation for water.  Heat transfer coefficient of water is 80 % greater than nitrobenzene.  Thermal properties of nitrobenzene are responsible for lower heat transfer coefficient.  Water is more feasible than nitrobenzene because of its higher heat transfer coefficient.
